Hemodynamic predictors of myocardial oxygen consumption (MVO2) during static and dynamic exercise were examined in ten normal subjects. Studies were done under the following circumstances: 1) during upright bicycle exercise at an average heart rate of 147 beats/min, 2) during static exercise with an isometric load in the left hand equal to 17% of the maximal voluntary contraction (MVC), and 3) during combined dynamic exercise (average heart rate 147 beats/min) and static exercise using 17% MVC of the left hand. Mean myocardial blood flow (MBF) was 181 ml/100 gm LV/min during dynamic exercise, 98 ml/100 gm LV/min during static exercise, and 201 ml/100 gm LV/min during combined static and dynamic exercise. Addition of a static load to the dynamic load resulted in a higher blood pressure (average 12 mm Hg), M O, and MBF than during dynamic exercise alone. MVO2 correlated best with products of heart rate and blood pressure regardless of whether the blood pressure was obtained by a central aortic catheter (r = 0.88) or by a blood pressure cuff (r = 0.85).
necessary for application to a wide patient population and for comparing data between centers.
Previous work has demonstrated that changes in heart rate and the product of heart rate and blood pressure are associated with parallel changes in MO2 and myocardial blood flow (MBF) in young men during upright exercise in a variety of circumstances.1 2 3 A given increase in the pressure-rate product might have different implications depending on whether that increase was due to a rise in heart rate, or a rise in blood pressure,4 although in an experimental preparation, proportionate rises in either hemodynamic variable resulted in similar increases in MVO2. ' The present study extends the range of the correlation between hemodynamic predictors and MVO2 in normal young men when the blood pressure is the major variable changed. Isometric exercise was chosen as the method of altering blood pressure since it is a common form of stress characterized by marked increases in systolic blood pressure and heart rate with only modest increases in cardiac output,6 12 in contrast to dynamic exercise which is characterized by marked increases in cardiac output and heart rate with only modest increases in systolic blood pressure. Daily exertion commonly includes components of both isometric and dynamic muscular contraction.
Measurement of the blood pressure during exercise is easier and safer using a sphygmomanometer than an aortic catheter. It is important to establish whether or not pneumatic cuff measurements may be substituted for intra-arterial pressure measurements without loss of the predictive ability of HR X BP to estimate MVO during vigorous upright exercise. These relationships were evaluated in this study.
Methods

Subject Material
Ten healthy unrjiversity men were chosen as subjects of the stuidy. Nonie were engaged in athletic training or heavy physical labsor. Comparable heights anid weights rendered the subjects homogeneous as a grou.ip. The past health record of each subject was carefully reviewed to excluide those with cardiac or ptulmonary disease. Suibjects were carefullx prepared for the studlv. In a group mneetinig thev were initroduced to the study, and its over-all puirpose and designi were explained. At a second meeting, thelv were individtuallv examined by members of our staff arndl showin the catheterization equipment and proceduire so that informeid corsenrt could be obtained.* Suibjects were free to leave the sttudv at anv point.
Experimnental Protocol
The experimental protocol, not niecessarily on consecutive (lays, was as follows: I)aII 1 Each sutbject reported to the exercise laboratory w here the maximial volLuntarv cosntraction (MVC) of the hand grip xvas determined for each hand. Three preliminary exercise periods in fixed srder followed. [seen prefera)le, but earlier feasibility studies indicated that some subjects wotuld be unable to complete all three exercise stuidies if the heaviest exercise were performed last in seutence.
Dayj2
The day of the measurement of coronary blood flow subjects reported to the catheterization laboratory where catheters were inserted and three periods of exercise were performed exactlv as during day 1.
Procedure
OnI dav 1, IVX C of the forearm flexor muiscles of the left harndxwas deterrmined by a simple strain-gauge dynamoimeter. 13 The strength of the contraction was displayed by a digital meter calibrated to pouunds of tension. Three maximal voluntarv hand-grip contractions, at an interval of one miinuite anti with a duration of less than two seconds, were performed by each subject. The oxygen saturation. Following insertion of the catheters, subjects walked from the fluoroscopic table and mounted a bicycle ergometer a few feet away in the same room. After the subject mounted the bicycle the oxygen saturation of the blood obtained through the venous catheter was again determined to be sure that the catheter remained with the tip positioned in the coronary sinus.
The zero reference level for determination of pressure measurement was the fourth intercostal space at the left sternal border in the upright position. Aortic pressure, mean coronary sinus pressure, and the electrocardiogram were recorded simultaneously at rest over three respiratory cycles at paper speeds of 10 mm, 25 mm, 100 mm, and 200 mm/sec. Exercise was then begun at the predetermined external static and dynamic workloads. The desired static load was obtained by adjusting the weight to a suitable distance along the level wood lever arm between the hand grip and the fulcrum ( fig. 1) . Careful attention to positioning of the left hand insured that the same muscle groups were being used as were used in the determination of MVC. Small changes in the resistance of the bicycle ergometer were made to maintain the heart rate within the preset range. When a steady heart rate had been achieved and maintained for two minutes, blood pressure and the electrocardiogram were again recorded. Fifteen percent nitrous oxide inhalation commenced simultaneously with sampling from the coronary sinus and central aorta. Samples were obtained for nitrous oxide and blood gas analysis and integration of the arterial-venous nitrous oxide difference was measured by a polar planimeter (Dietzgen D-1806) to three minutes as previously described.2 After 7/2 minutes of exercise nitrous oxide was discontinued and pressures in the aorta and coronary sinus were again determined. The subject then walked to the fluoroscopic table, a 30 minute recovery period followed, and the coronary sinus catheter position was again verified by fluoroscopy. Following the recovery period the subject again mounted the bicycle ergometer and repeated exercise period 2 as on day 1. After another recovery period the third exercise period was performed as on day 1.
Blood pressure was also measured in the left arm of eight subjects by an aneroid sphygmomanometer. Measurements were always made by the same observer, just prior to the intra-arterial recording and over short intervals, so as not to interfere with circulation to the exercising muscle and thereby augment the isometric response.7' ' During strenuous exercise it was frequently difficult to discern the sudden change in Korotkoff sounds (phase IV), as loud sounds were frequently present with little or no arm compression, and phase V was not discernible. '5' 16 MBF was not measured at rest since it was felt that measurements during exercise would be less subject to extraneous influences and therefore more reproducible. Ap with an Instrumentation Laboratory Model 113 blood gas analyzer and converted to percent saturation with oxygen from standard nomograms." 18 The oxygen content was derived from these data and the hemoglobin measured by the cyanmethemoglobin method.'9 In our laboratory oxygen saturation determined from blood gases is slightly lower than by the Van Slyke method.3 Myocardial blood flow was determined as the quotient of the venous N20 content (ml N20/100 ml blood) at three minutes, the integrated A-V N20 difference (ml N20 X min/100 ml blood), and the product of the partition coefficient. A partition coefficient of 1.0 (1 ml N20/100 ml blood equals 1 ml N20/100 g myocardial tissue) was used for comparability with previous data," 2 3 although recent data indicate that 0.934 is the value for normal man."
Myocardial oxygen consumption was calculated as the product of MBF and the difference in oxygen content between the aorta and the coronary sinus (coronary AVO2 difference) and is expressed as ml 02/100 g LV myocardium/min. Coronary vascular resistance was calculated by dividing mean aortic pressure by MBF and expressed as mm Hg/ml/100 g LV/min. The tension time index (TTI) per beat was measured by integrating the systolic portion of the blood pressure tracing with a polar planimeter (Dietzgen D 1806). The aortic pressure tracing was recorded at paper speeds of 200 mm/sec and the systolic ejection period per beat (SEP/beat) was measured from this. The TTI/min is the product of the TTI/beat and the heart rate. The heart rate-blood pressure product (HR X BP) refers to the product of the peak systolic aortic pressure and heart rate. and blood pressure represent an average of measurements obtained immediately prior to and after inhalation of nitrous oxide. There was no significant difference between the mean heart rate or central aortic blood pressure measured at these two times during any exercise period in the study.
By study design, the mean heart rate was the same during exercise period 1 and 2 but there was a 12 mm Hg reduction in mean systolic blood pressure when the static load was eliminated. In order to maintain the exercising heart rate when the static load was eliminated it was necessary to adjust the external workload on the bicycle ergometer slightly (mean increase, 2 ± 2 watts or an average change of 2%), which included a slight increase in workload in seven subjects and a decrease in three subjects.
Although the mean heart rate was the same during exercise periods 1 and 2, the lower mean systolic blood Abbreviationis: H11 = heart rate; BP = blood pressure; Ao = central aorta; Cuff = brachial artery pneuimatic cuff; SEP/beat = systolic ejection period per beat; TTI = tension time index; HR X BP = heart rate X peak systolic pressure; MBF = myocardial blood flow; M V02 = nmyocardial oxygeni consumption; Coroniary AV02 =aortic coronarv sinus oxygen difference (ml 02/100 ml blood). Ex. 1 -static pluis dynamic exercise; Ex. 2 = dvnamic exercise only; Ex. 3 = static exercise only.
pressure resulted in a significant reduction in the HR X BP, TTI, and triple product (HR X BP X SEP/beat). There was also a significant reduction in the MBF and MV02 from exercise periods 1 to 2.
When the dynamic workload was removed but the static load persisted (comparing exercise periods 1 and 3), there was a significant reduction in the mean heart rate and the mean systolic blood pressure but a significant lengthening of the SEP. This resulted in significant reductions in the HR X BP, TTI, MVO2, and MBF. The coronary AV02 difference was greatest when the HR X BP was highest, although significant 
MV02.
The systolic blood pressure measured by the sphygmomanometer was significantly higher than that measured centrally. The mean difference from peripheral to central measurements was 24 ± 11 mm There was no significant difference in the brachial artery systolic blood pressure as recorded by the sphygmomanometer from day 1 (passive arm) to day 2 (exercising arm) during any of the exercise levels before nitrous oxide inhalation. There was, however, a reduction in blood pressure measured by the arm cuff after inhalation of nitrous oxide on day 2 (149 ± 21 mm Hg) when compared to similar measurements made on day 1 (175 ± 13 mm Hg) at a similar time during exercise, but without nitrous oxide (P < 0.05).
Data from the current study were combined with data from previous studies as indicated in figure 3 . Up Under the conditions of this study MBF changed in parallel with systemic hemodynamic variables. MBF was greatest during combined static and dynamic exercise when the heart rate and blood pressure were the greatest; it decreased as the static or the dynamic load was eliminated. Previous reports indicate that HR X BP, or even the heart rate alone, is a good index of the heart's metabolic demands during upright exercise;' 3`including measurements of ejection time does not improve the index. This would support the bination of an increase in flow, a decrease in resistance, and peripheral augmentation. Despite these factors, the blood pressure measured by a pneumatic cuff correlated well with M'O2 and may be substituted in normal young men for an intraarterial catheter in HR X BP without substantial loss in the ability to predict MV02.
The combination of static and dynamic work may alter the hemodynamic response to static work. Previous studies have indicated that during modest upright treadmill exercises the hemodynamic response to 20-50% MVC is maintained,55 56 while during heavy exercise at heart rates of approximately 145 beats/min, the pressor response to static exercise is lessened. 56 The combination of dynamic and static exercise apparently did not interfere with the pressor response to isometric exercise in our study since the pressor response to the static load was similar both with and without dynamic exercise.
A progressive widening of the coronary AVO2 difference was noted in this study as previously described. 1 2, 3This accounted for an increased extraction of 3.1 ml 02/10O ml blood during exercise level 3 compared with exercise level 1 or a 25% increase in oxygen extraction. Although this increase is small in magnitude when compared with the systemic AVO2 difference, it does represent additional myocardial reserve during cardiac stress. Indeed, somewhat greater than normal AVO2 extraction during mild exercise has been reported in patients with coronary artery disease. 22 Although pathways are not clearly delineated, the elevation in blood pressure during isometric exercise appears to be a result of: 1) an increase in cardiac output with little change in stroke volume6 and 2) a failure to decrease the systemic resistance during isometric exercise as uniformly occurs during dynamic exercise with similar increases in cardiac output. 8' 9 There was no significant change in the systemic oxygen consumption when the static load was added to the dynamic load in this study for two reasons: 1) the dynamic load was reduced slightly and 2) because the metabolic demands of the forearm flexor muscles were small when compared to the metabolic demands of the dynamically exercising leg muscles.6' 12 Yet the increased cardiac work resulted in a significant increase in MV02.
